We report on a combined density functional theory and the experimental study of the O 1s binding energies and X-ray Absorption Near Edge Structure (XANES) of a variety of oxygen species on Ag (111) and Ag(110) surfaces. Our theoretical spectra agree with our measured results for known structures, including the p(N Â 1) reconstruction of the Ag(110) surface and the p(4 Â 4) reconstruction of the Ag(111) surface. Combining the O 1s binding energy and XANES spectra yields unique spectroscopic fingerprints, allowing us to show that unreconstructed atomic oxygen is likely not present on either surface under equilibrium conditions at oxygen chemical potentials typical for ethylene epoxidation.
Introduction
Elemental silver has the unique ability to catalyze the partial oxidation of ethylene to ethylene oxide (EO). Its efficacy as a catalyst is dependent on temperature and oxygen pressure. EO cannot typically be produced under the ultrahigh vacuum (UHV) conditions employed in many surface science studies. [1] [2] [3] [4] To obtain a measurable yield of EO, experiments must instead be performed at 420-550 K under an oxygen atmosphere, or with a silver catalyst that has been pretreated by long exposures to O 2 at these reaction temperatures. [1] [2] [3] [4] [5] [6] This pressure gap suggests that oxygen must be in a specific chemical environment to catalyze the production of EO and has prompted experimental 1, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] and theoretical studies [16] [17] [18] [19] aimed at elucidating the nature of the oxygen species present on silver under different conditions and the role these species play in catalytic processes. It has been shown that two types of oxygen are present on silver surfaces under epoxidation conditions at mbar O 2 pressures. 10, 11, 20 Isotopic labeling and proton-transfer reaction mass spectrometry experiments have revealed that only one type is active in the electrophilic attack of the C-C bond to form EO, though it may also participate in the production of CO 2 . The other type, however, participates solely in ethylene combustion through the nucleophilic activation of C-H bonds. 11, 21, 22 To reflect this chemistry the two species are often referred to as electrophilic and nucleophilic oxygen, respectively. The difference in chemistry between nucleophilic and electrophilic oxygen is apparent in their O 1s binding energies, which, within an initial state theory of core level shifts, can be interpreted as a difference in charge. 23 The nucleophilic oxygen species is characterized by an O 1s binding energy of approximately 528 eV, while that of electrophilic oxygen is 530 eV, 10, 11, 21, 22 thereby allowing the two types of oxygen to be distinguished by way of X-ray photoelectron spectroscopy (XPS). Such studies have revealed that, at temperatures relevant for ethylene epoxidation, nucleophilic oxygen forms rapidly when oxygen is dosed under UHV conditions. [7] [8] [9] 24 The formation of electrophilic oxygen, however, requires long exposures at elevated O 2 pressures or treatment with a reactive gas mixture. [10] [11] [12] [13] The ability to prepare nucleophilic oxygen under UHV has allowed it to be well characterized by surface science techniques, including scanning tunneling microscopy (STM), low energy electron diffraction (LEED), and XPS. 5, [7] [8] [9] Through judicious applications of these techniques researchers have demonstrated that under UHV conditions the nucleophilic species is oxygen in surface reconstructions whose structures are now known. 5, 8, 9, [25] [26] [27] Conversely, the structure of electrophilic oxygen is still debated. In part, this debate persists due to the fact that, unlike nucleophilic oxygen, electrophilic oxygen cannot be prepared under the controlled conditions afforded by UHV. Experimental investigations of this species have thus required the development and application of methods capable of working at near mbar pressures. In particular studies have focused on in situ XPS 28, 29 and X-ray Absorption Near Edge Structure (XANES). 30 Researchers have used XPS to demonstrate that silver surfaces become covered with electrophilic oxygen under mbar O 2 pressure at epoxidation temperatures, 20, 24 while XANES has been employed to offer additional insight into the nature of the electrophilic species. Bukhtiyarov and coworkers measured the O K-edge absorption spectra of oxygen species attributed to nucleophilic and electrophilic oxygen. [10] [11] [12] [13] They suggested that the nucleophilic oxygen they measured is best described as a surface oxide owing to the similarity between its O K-edge spectrum and that of the bulk oxide Ag 2 O. Both spectra are characterized by a large number of states near the absorption threshold that are the result of strong hybridization between O p and Ag sd levels. These experiments also showed that electrophilic oxygen lacks these oxidic features and is instead characterized by states at 10 eV above the absorption threshold formed by the hybridization between O p and Ag sp states. This fact, along with the lack of any known surface reconstruction associated with electrophilic oxygen, leads to the conclusion that the oxygen species responsible for the partial oxidation of ethylene is unreconstructed chemisorbed atomic oxygen. [10] [11] [12] [13] Coincident with these experimental results, ab initio atomistic thermodynamic studies on the Ag (111) surface revealed that at the temperatures and O 2 pressures relevant for the partial oxidation of ethylene only two oxygen species are stable, the surface reconstruction ascribed to nucleophilic oxygen and unreconstructed chemisorbed atomic oxygen. 16, 17, 31, 32 (It should be noted that while what is now known to be an incorrect model of the surface reconstruction was used in these studies, there is little difference in energy between the older and revised models, see Appendix A). At higher oxygen chemical potentials thick oxide-like surfaces may become metastable before the bulk oxide Ag 2 O forms. All of these findings helped spark a range of theoretical investigations into possible reaction mechanisms. Three limiting cases have been considered in detail, the reaction of: (i) unreconstructed chemisorbed atomic oxygen, [33] [34] [35] (ii) oxygen in surface reconstructions, [36] [37] [38] and (iii) the bulk oxide Ag 2 O. [39] [40] [41] The first of these corresponds to the picture of electrophilic oxygen developed through in situ XPS and XANES studies, [10] [11] [12] [13] as well as the high temperature equilibrium phase predicted in ref. 16 and 17 . The second addresses reactions in the well known p(4 Â 4) phase of the Ag(111)/O surface phase diagram, albeit on an older model of the surface (see Appendix A). The final case could be encountered under equilibrium conditions at low temperatures and can be thought as a limiting case of dissolved oxygen, which has previously been shown to play an important role in EO production. 2, 14 Density Functional Theory (DFT) calculations show that when ethylene reacts with oxygen in the p(4 Â 4) reconstruction of the Ag(111) surface, assigned to nucleophilic oxygen, the activation energy is 0.08 eV in favor of the total combustion byproduct. 37 Conversely, the barrier to EO production on an Ag(111) surface with unreconstructed chemisorbed atomic oxygen is nearly identical to the barrier associated with the formation of the CO 2 precursor, acetaldehyde (AA), [33] [34] [35] which may be altered by the inclusion of subsurface oxygen. [42] [43] [44] When the subsurface oxygen concentration becomes large and the bulk oxide forms, DFT calculations of the minimum energy path for EO production from atomic oxygen adsorbed on Ag 2 O [39] [40] [41] reveal that, like unreconstructed atomic oxygen on the metal surface, the reaction barriers to EO production are roughly consistent with values reported from experiment. 45, 46 These results support the conclusion that the reconstructed atomic oxygen assigned to nucleophilic oxygen burns ethylene and that unreconstructed chemisorbed atomic oxygen can participate in EO production.
The apparent ability of all types of unreconstructed atomic oxygen to epoxidize ethylene makes it difficult to know which form is the active species present under given experimental conditions. Furthermore, no studies have demonstrated unequivocally which of these species are present on silver surfaces under an oxygen atmosphere. In an effort to answer this question, we have turned to a thorough experimental and computational characterization of the structure and energetics of various oxygen species on the Ag(110) and the Ag(111) surfaces.
We chose to focus on the Ag(110) and the Ag(111) surfaces because they have been reported to have similar selectivity to EO and, presumably, similar active species. 24, 47 Our ab initio atomistic thermodynamics calculations suggest that oxygen induced surface reconstructions are stable across a wide range of oxygen chemical potentials on both surfaces. Unreconstructed chemisorbed atomic oxygen is not thermodynamically favorable on either surfaces, except at very low coverages that will only be encountered under UHV conditions. At high oxygen chemical potentials we found that oxygen can adsorb on an oxide-like surface that will become metastable under conditions capable of stabilizing the bulk oxide, Ag 2 O. We go on to verify this picture and the previous assignment of nucleophilic oxygen to oxygen induced surface reconstructions. First we measure the O 1s photoemission and O K-edge absorption spectra of the Ag (110) and the Ag(111) surfaces under in situ conditions. Then we compare the measured spectra to those calculated for a wide variety of chemisorbed oxygen species. In agreement with ab initio atomistic thermodynamics, the spectroscopic features calculated for oxygen in surface reconstructions match with those obtained from measured spectra, suggesting that the dominant oxygen species are those in surface reconstructions. We found that unreconstructed atomic oxygen is only present during the first few minutes after a clean silver surface is exposed to an O 2 atmosphere. After 15 min of oxygen exposure we observe no evidence of unreconstructed atomic oxygen. Furthermore, no form of chemisorbed atomic oxygen has the XPS or XANES signatures of electrophilic oxygen.
and Ag(110) single crystals were polished and oriented to an accuracy of o11. The crystals were fixed in a sapphire sample holder using a tungsten wire. Heat was provided by an IR laser from the backside, which was primarily absorbed by a stainless steel plate kept in contact with the crystal. The sample temperature was measured using a K-type thermocouple pressed on the crystal side by a tungsten wire holder and was controlled by adjusting the laser power using a PID feedback loop. Oxygen was dosed using a minican (Linde AG, 4.5 nominal purity) connected to a leak valve. The freshly polished crystals were cleaned by repeating cycles of O 2 treatment at 10 À3 mbar and 423 K for 20 min, Ar sputtering at 1.5 kV for 20 min and annealing at 673 K in vacuum (5 Â 10 À8 mbar) for 5 min. Initially, large amounts of C, Cl, S and Si segregated to the surface after O 2 exposure, but after several cleaning cycles, only Ag and O were observed for exposures shorter than 1-2 h. For longer times, S slowly accumulated on the surface. Hence, we limited the data acquisition time to 2 h, after which the surface was cleaned and exposed to O 2 again. We selected appropriate photon energies to measure corelevel spectra for different elements using photoelectrons with the same kinetic energy of 150 eV, which is equivalent to an inelastic mean free path of 0.5 nm. The binding energy scale for each spectrum was calibrated by the Fermi edge measured with the same photon energy. O K-edge XANES was acquired in the Auger Electron Yield mode by scanning the incident photon energy and setting the electron analyzer to collect Auger electrons with a kinetic energy of 514 eV corresponding to the O KVV transition. The XANES energy scale was calibrated by setting the p* transition of molecular oxygen in the gas phase to 530.93 eV. 49 
Coverage estimation
The elemental atomic concentration ratio (O/Ag) was calculated by dividing the integrated areas of the O 1s and Ag 3d core-levels by the incident photon flux and the atomic photoionization cross sections calculated by Yeh and Lindau 50 for the appropriate energies.
With 1 monolayer (ML) defined as the substitution of all surface atoms on the unreconstructed surfaces, we calculated O/Ag ratios for different structural models by considering the escape depth probability e Àd/l for each atomic layer at distance d from the surface and taking the inelastic mean free path l (IMFP) for the appropriate kinetic energy as the average from two experimental studies from the literature. 51, 52 In this approach we assume that no scattering event occurs in the adsorbed overlayer. In this way for each adsorption model with different coverages, the atomic ratios can be estimated and compared with the experimental values.
Computational details
All DFT calculations were performed using the Quantum ESPRESSO (QE) package 53 and ultrasoft pseudopotentials using the exchange and correlation potential developed by Perdew, Burke, and Ernzerhof. 54 In order to compute O K-edge spectra we employed oxygen pseudopotentials with two Gauge Including Projector Augmented Wave (GIPAW) projectors for the l = 1 59 We tested the effect of spin-polarization. In agreement with previous work, 60 at high atomic oxygen coverage the adsorbed oxygen structures become ferromagnetic. However, this has little impact on the computed spectroscopic properties. As such, all calculations reported herein are non-spin-polarized, unless otherwise noted.
Core level binding energies
O 1s binding energies were calculated using the DSCF method, which can be used to compute shifts in binding energy that capture both initial and final state effects. [61] [62] [63] [64] [65] This approach requires the computation of the energy at both the electronic ground state and the state in the presence of the core hole. The first calculation is simply a geometry relaxation to obtain the total energy of the system at the desired local minimum on the potential energy surface in the absence of a core hole. The second calculation is a fixed geometry self consistent field (SCF) calculation of the same system using a pseudopotential with a core hole on the ionized atom. This calculation is performed at the relaxed geometry due to the fact that the electronic relaxation is much faster than the nuclear relaxation. To maintain charge neutrality the excited core electron is included explicitly in the calculation of the total energy of the system with the core hole, see for instance ref. 66 , as opposed to treating the excess electron as uniform background charge. This approach accounts for the core hole screening by the free charge carriers in the metal. Due to the fact that electronic relaxations are included in the presence of the core hole, both initial and final states are accounted for with the DSCF method. Within the DSCF approach the O 1s binding energies of oxygen on/in the silver surfaces converge quickly with cell size, requiring (2 Â 2) surfaces to converge the O 1s binding energy to within AE0.1 eV. As such, the O 1s binding energies of the p(N Â 1) reconstructions, see Section 4.2, were computed using p(N Â 2) supercells. The O 1s binding energies of all other surface species were computed using the minimal unit cell required to reach the desired coverage.
Because the DSCF method yields differences in energies, a reference state can be used to make direct comparison with experiment more straightforward. For this purpose we chose a (4 Â 4 Â 4) supercell of bulk Ag 2 O, as there is little doubt about its electronic and atomic structure (for details see Appendix B). The resulting O 1s binding energy of a system relative to the reference is then:
where E f and E 0 are the energies of the system of interest with and without a core hole on the probed oxygen atom, respectively, 
O K-edge spectra
To first order XANES probes the unoccupied partial density of states on the excited atom that are allowed within dipole selection rules. In a single particle approach the X-ray Absorption cross section for dipole transitions can be expressed using Fermi's Golden rule: [73] [74] [75] [76] sðeÞ ¼ 4p 2 a ho X
where a is the fine structure constant, ho is the incident photon energy and c fD c i gives the transition amplitude between the initial core level |c i i with energy E i and the final (empty) state |c f i with energy E f . The dipole transition operator that couples the core and unoccupied states is given by:
r is the electron coordinate and e is the polarization vector of the incident X-rays:
where y defines the angle between the E vector of the incident beam and the surface normal, and f is the angle between the x-axis in the plane of the surface and the E vector. The absorption cross section can then be written as:
While the synchrotron radiation used in our experiments was linearly polarized in the plane of the storage ring, we averaged over f due the fact that the in-plane orientation of the samples was unknown. This assumption does not change the qualitative features of the computed O K-edge spectra, see Appendix C, but allows us to write the angular dependence of the cross section as:
For all surface and subsurface species we show spectra with y = 351 in order to match our experimental conditions, while for bulk species we report the powder spectra, tr(s). The elements of s ij were calculated using the continued fraction approach and ultrasoft pseudopotentials by way of the XSpectra package. [74] [75] [76] Within this approach a single atom in the computational cell is treated as the absorbing atom, which, depending on the importance of the core hole effect, can be modeled with or without a core hole. 76, 77 For the cases reported herein we report results using a full core hole unless otherwise noted, that is, results obtained by performing a SCF calculation on systems with a pseudopotential containing a core hole on the absorbing atom and the same k point mesh as was used in the SCF calculations. As in the case of the DSCF calculations, the excited core electron is included self consistently, unless otherwise noted (see Appendix D). To avoid interactions between neighboring periodic images, calculations were performed on (4 Â 4) surfaces, except for the Ag(110) c(6 Â 2) reconstruction (see Section 4), for which we took a (6 Â 4) surface, and the Ag(111) ffiffi ffi
structure (see Section 5.5), where we used a 2 ffiffi ffi
surface. For more details on size convergence see Appendix B.
Because the spectra are calculated using stationary states a broadening factor must be introduced to account for the excitedstate lifetime. 76, [78] [79] [80] This was accomplished by convoluting the raw spectrum with a Lorentzian that has an energy dependent linewidth:
The natural line width of oxygen, 0.14 eV, 81 is used for G core . A variety of broadening factors have been proposed to account for the monotonic increase of g(E) with energy. 76, 78 We chose to treat it as simple as possible, as a linear function g(E) = 0.1(E À E Fermi ). While this approach is purely empirical, it has been shown to be reasonable for many systems. 78, 79, 82 In every case the occupied states are removed and the Fermi energy of the broadened spectrum is set to the computed O 1s binding energy associated with the absorbing atom to facilitate comparison with experiment. In the cases of systems with multiple absorbing atoms, for instance in Section 5.4, the spectrum of each symmetry unique atom is prepared separately to ensure the correct energy of alignment of the individual spectra of each absorber. These spectra are then summed to yield the total spectrum. The final theoretical spectra are always normalized to the experimental spectrum to which they are compared.
Ab initio thermodynamics
The surface free energies are calculated using ab initio atomistic thermodynamics 16, 17, 83, 84 which has previously been applied to the Ag(111)-O system. 16 This approach allows us to determine the thermodynamic stability of the different oxygen species by considering the surface to be in thermodynamic equilibrium with a reservoir of O 2 . If the vibrational and configurational contributions to the free energy are ignored, the surface free energy can be written as:
where E slab is the total energy of the clean silver slab, N Ag and N O are the number of silver and oxygen adatoms, A is the surface area, and m Ag and m O are the silver and oxygen chemical potentials.
Under the assumption that m Ag is the total energy of a silver atom in the bulk, the temperature and pressure dependence are contained entirely in the oxygen chemical potential, which can be written as:
E O 2 is the total energy of the isolated oxygen molecule and m O 2 (T,p 0 ) is the translational, rotational, and vibrational contribution to the free energy. The latter we took from the NIST JANAF thermochemical tables, 85 though it could be calculated.
For the former, we employed two separate approaches: (i) we computed the total energy of the O 2 molecule at the G point using a box whose side lengths were 40 Bohr; (ii) because modern GGAs, including PBE, overbind the O 2 molecule by nearly 1 eV, we computed the energy of a single oxygen atom using a cubic box with side lengths of 40 Bohr and took E O 2 to be twice the atom energy plus the experimental O 2 binding energy. We will refer to these as the full DFT and mixed reference states. The full DFT results are expected to excessively favor gas phase O 2 , hence low oxygen coverage, whereas using the experimental O 2 binding energy will lead to an over stabilization of adsorbed O.
Ag(110) surface
We begin our study on the properties of adsorbed oxygen by examining oxygen on the Ag(110) surface. It is well known that a series of p(N Â 1), and a c(6 Â 2), surface reconstructions form on the Ag(110) surface under an oxygen atmosphere. 8 The p(N Â 1) added row reconstructions on the Ag (110) , where N ranges from 2-8, are the oldest known reconstructions in the Ag-O system due to the ease with which they can be produced. 86 The relatively high sticking coefficient of oxygen on the Ag(110) surface allows the reconstructions to be made under clean conditions and low O 2 dosing. 8 In vacuum, the surface saturates with an overlayer that gives rise to a p(2 Â 1) low energy electron diffraction (LEED) pattern, whose structure corresponds to that shown in Fig. 1A Fig. 3 . We also considered a 1/2 ML coverage of oxygen on the FFH sites, which adopts the linear O-Ag-O bonding motif shown in Fig. 3D . The surface free energy of this state is shown in Fig. 2 by way of the dashed-dotted line. Fig. 2B shows the same systems as in Fig. 2A but with the mixed O 2 reference state, that is defined as twice the energy of the isolated oxygen atom calculated by way of the DFT atom plus the experimental O 2 binding energy. Note that changing the O 2 reference state primarily serves to shift the surface free energies rigidly; it does not appreciably alter the relative stability of the phases. As such, for the remainder of this discussion we will focus on Fig. 2A . It is interesting to note that unreconstructed atomic oxygen is never the thermodynamically favored phase, as evidenced by the fact that surface reconstructions always have a lower free energy, see Fig. 2 . At 1/4 ML coverage the surface free energy of dissolved oxygen is positive across the entire range of oxygen chemical potential in Fig. 2A . Oxygen on the SB sites is slightly more stable, followed by the LB and FFH, which are comparable in energy at 1/4 ML coverage. When the O-Ag-O motif is adopted at 1/2 ML oxygen coverage on the FFH sites, the adsorption energy increases markedly from that found at 1/4 ML coverage. This high coverage is thermodynamically favorable over the other unreconstructed atomic oxygen species. However, the oxygen induced reconstructions remain the most stable phase at oxygen chemical potentials below that required to form Ag 2 O. Though thermodynamics suggests that unreconstructed chemisorbed oxygen is unlikely to be present under equilibrium conditions at values of Dm O relevant for ethylene epoxidation, such an unreconstructed species may be present if, as has been suggested on the basis of microkinetic modeling, 98 the formation of the thermodynamically favored reconstructions is limited by kinetics, not thermodynamics. The presence of chemisorbed oxygen can be determined experimentally by the spectroscopic measurement of the silver surface, in particular the O 1s binding energies.
O 1s binding energies
UHV measurements of the O 1s binding energies have revealed that the p(N Â 1) and c(6 Â 2) surface reconstructions of the Ag(110) are indistinguishable, appearing experimentally at 528.3-528.6 eV, although the full width at half maximum (FWHM) increases from 1.7 eV to 2.0 eV when the c(6 Â 2) phase is present. 8, 99 Our calculated O 1s binding energies are in good agreement with these measurements (see Table 1 ). Those calculated for the p(N Â 1) reconstructions, where N ranges from 2 to 8, appear at 528.5 eV, whereas the two symmetry unique oxygen atoms in the c(6 Â 2) phase have calculated O 1s binding energies of 528.4 eV and 528.6 eV, with the linearly coordinated oxygen appearing at 528.4 eV and three-fold coordinated oxygen at 528.6 eV.
Our calculated O 1s binding energies support the conclusion drawn from ab initio thermodynamics that unreconstructed chemisorbed atomic oxygen on the SB and LB sites is likely not present under UHV conditions but cannot be used to exclude the presence of oxygen adsorbed on the FFH sites or dissolved oxygen (see Table 1 ). At 1/4 ML coverage the weakly adsorbed oxygen on the SB sites has an O 1s binding energy of 527.0 eV, while the more strongly bound oxygen on the LB sites has an O 1s binding energy of 527.6 eV. The further increase in adsorption energy associated with going to the FFH sites is mirrored by an increase of the O 1s binding energy to 527.8 eV at 1/4 ML coverage and 528.2 eV at 1/2 ML coverage. The calculated O 1s binding energies of dissolved oxygen are 528.5 and 528.6 eV in the subsurface and bulk, respectively, where the bulk dissolved species was modeled as a single oxygen atom in an octahedral hole of a 32 silver atom supercell. While these findings suggest it may be difficult to discriminate between oxygen adsorbed on the FFH sites, dissolved oxygen, and oxygen in the p(N Â 1) and c(6 Â 2) surface reconstructions of the Ag(110) using the O 1s spectrum alone, they indicate that weakly bound chemisorbed oxygen, that on the SB and LB sites is not present under UHV conditions. However, a weakly bound atomic oxygen may be present under higher O 2 pressures.
To test this possibility we performed experiments on an Ag(110) single crystal. A clean Ag(110) surface was exposed to 10 À4 mbar O 2 pressure for 22 minutes at 423 K. This temperature and pressure correspond to Dm O E À0.7 eV. The inspection of Fig. 2 reveals that under these conditions either the p(2 Â 1) or the c(6 Â 2) reconstruction is predicted to occur, depending on the choice of O 2 reference state. Consistent with this prediction, when we measured the in situ XPS we found that the surface was covered primarily in an oxygen species with an O 1s binding energy of 528.3 eV, see Fig. 4 , along with minor contributions from oxygen species with O 1s binding energies of 529.2 eV and 530.3 eV. Note that the measured O 1s binding energy of 528.3 eV could also be attributed to dissolved oxygen or 1/2 ML oxygen on the FFH sites, as their calculated O 1s binding energies are within the 0.3 eV error we found for the DSCF approach. However, the calculated O 1s binding energies of oxygen on the LB and SB sites are well below the measured value. As such, atomic oxygen on the LB and SB sites cannot be assigned to the peak appearing at 528.3 eV in the measured O 1s spectrum. Furthermore, as there is no asymmetry or shoulder on the lower energy side of the 528.3 eV peak in the O 1s spectrum, we are confident that atomic oxygen is not present on the LB or SB sites after 22 minutes at 423 K under 10 À4 mbar O 2 pressure.
To help identify the species that are present we can turn to the experimental O/Ag ratio, which shows that the oxygen coverage of the species appearing at 528.3 eV in the O 1s spectrum is approximately 0.45 ML. These data demonstrate that the lower density p(N Â 1) added rows were not the dominant species on the surface, as they have lower coverages. However, the coverage cannot be used to unambiguously assign the measured oxygen species to either surface reconstruction, or even 1/2 ML unreconstructed chemisorbed oxygen. Instead, because the oxygen coverage of the species with O 1s binding energies consistent with the measured spectrum are at or above 1/2 ML, the surface could be almost entirely covered in the p(2 Â 1) reconstruction, which has 1/2 ML coverage, 1/2 ML of unreconstructed oxygen, or islands of the c(6 Â 2) reconstruction could be present.
O K-edge spectra
In an effort to distinguish between the possible oxygen structures present under in situ conditions we measured the in situ O K-edge absorption spectrum of the oxygen treated Ag(110) crystals in the Auger Electron Yield (AEY). 100 Inspection of the measured O K-edge spectrum, the black dots in Fig. 5 , reveals that, like in the bulk oxide, Ag 2 O, the Ag-O bonding is not purely ionic. Instead, hybridization between the O 2p and Ag levels leaves the O 2p states partially unoccupied. As a result, there are two strong features above the threshold in the O K-edge spectrum due to O 1s -2p transitions.
Comparing the measured O K-edge spectrum with that calculated for the p(2 Â 1) reconstruction of the Ag(110) surface suggests that the added-row reconstructed phase was present under the experimental conditions. The calculated spectrum is shown in curve b of Fig. 5 using a solid line. Note that the vertical offset from the measured spectrum is only to aid in distinguishing the two spectra. Both absorption spectra can be seen to have a narrow maximum centered at approximately 529 eV and a second feature at 534 eV, similar to the O K-edge spectrum of the p(2 Â 1) added row reconstruction on the Cu(110) surface. 101 We find that, like in Ag 2 O, the near threshold absorption is due to O p states mixing with Ag sd levels, whereas the high energy feature is due to the mixing between O p and Ag sp states, as previously suggested. 10, 102 However, unlike the bulk oxide, Ag 2 O, there is substantially more O p and Ag sp mixing, giving rise to a more intense broad high energy peak for oxygen in the p(2 Â 1) surface reconstruction than in Ag 2 O (see Appendix B for the Ag 2 O XAS). In the calculated spectrum this absorption can be seen to be composed of two separate features, whereas only one absorption maximum is seen for the 534 eV feature in the experimental spectrum. The appearance of only a single peak in the experimental spectrum is likely due to vibrational, or instrumental, broadening, which we have neglected, as noted in Section 3. 103, 104 The two absorptions appear in the theoretical spectrum because of differences in mixing between the Ag states and the in and out of plane O 2p states, highlighting the O K-edge spectrum's sensitivity to the local environment around oxygen. The sensitivity of the O K-edge spectrum to the local environment of the oxygen also allows us to confirm that neither the c(6 Â 2) reconstruction nor the unreconstructed adsorbed atomic oxygen were present during the experiment. Returning to Fig. 5 we can see that the O K-edge spectrum calculated for the c(6 Â 2) phase, curve c, is inconsistent with the measured spectrum and is characterized by a broad intense primary peak that is aligned with a minima in the measured spectrum. The various forms of unreconstructed chemisorbed atomic oxygen are shown in Fig. 6 , where the experimental spectrum has been reproduced as curve (a) to facilitate comparison. At 1/4 ML coverage on the SB sites (curve b) a strong feature with a high binding energy shoulder can be seen at approximately 528 eV, which is 1 eV below the leading edge of the measured spectrum. Two additional higher energy features also appear, one at 530 eV and the second at 534 eV. The more strongly adsorbed species, 1/4 ML oxygen on the LB sites, shown in curve c retains the features seen for the SB species. However, the intensity of the leading edge is diminished, exposing a new peak at 529 eV. This trend continues with the more strongly adsorbed 1/4 ML FFH species, Fig. 6 curve d, and while further changes can be seen when the coverage is increased to 1/2 ML on the FFH sites, in all cases the calculated O K-edge spectra are inconsistent with the measured spectrum. Thus, by combining O K-edge and XPS spectra we confirm the ab initio thermodynamics prediction that unreconstructed adsorbed atomic oxygen is not present. We considered that subsurface or bulk dissolved atomic oxygen may be present. Though the subsurface species is predicted to be thermodynamically unstable relative to the clean surface under our experimental conditions, a bulk dissolved species could be stabilized by configurational entropy, which we have ignored in the creation of the surface phase diagram. The subsurface species was modeled by placing 1/4 ML oxygen in the octahedral holes in the first subsurface layer under the Ag(110) surface. The bulk species was modeled by placing a single oxygen atom in an octahedral hole of a 32 atom super cell of bulk silver, (2 Â 2 Â 2) crystallographic unit cells. The calculated O 1s binding energies of the subsurface and bulk dissolved species, 528.4-528.5 eV, agree with the previous assignment of subsurface oxygen in the Ag(110)-O system to an O 1s feature at 528.5 eV. 8 The calculated values are also close to the measured O 1s 528.3 eV. Thus, they cannot be used to confirm the presence or absence of dissolved oxygen in our experiment. We can, however, turn again to XANES. The calculated O K-edge spectra support the conclusion that subsurface oxygen is not present under our experimental conditions, though a low concentration of bulk dissolved oxygen may be. Fig. 7 shows the measured O K-edge spectrum, curve a, along with that calculated for atomic oxygen in a subsurface octahedral hole of the (110) surface, curve b, and bulk dissolved atomic oxygen, curve c. The primary absorption of the subsurface species can be seen to appear at 530 eV, in line with a minimum in the measured spectrum. The spectrum of bulk dissolved oxygen is characterized by two primary absorptions, one at approximately 529 eV and the second at 534 eV, in qualitative agreement with the absorptions in the measured spectrum. The low energy peak in the calculated spectrum is, however, composed of a doublet and singlet and it is substantially wider than what is observed experimentally, suggesting that, at most, a low concentration of bulk dissolved oxygen is present.
It is clear from Fig. 7 that the electronic structures of bulk dissolved and subsurface oxygen are different. This difference raises the natural question of how deep below the surface atomic oxygen must be before its electronic structure is like that of bulk dissolved oxygen. We found that when the oxygen is in the third subsurface layer under an Ag(111) surface its O K-edge spectrum is nearly identical to that of bulk dissolved oxygen. Thus, such ''bulk'' species could be observed in XPS and AEY XANES measurements, which are only sensitive to the top few layers of the silver surface.
Phase diagram
Through XPS alone we are unable to distinguish between a number of oxygen species on the Ag(110) surface. Through the combination of XANES and XPS, however, we are able to show that when an Ag(110) surface is placed under 10 À4 mbar O 2 pressure at 423 K the surface is covered with an oxygen species consistent with oxygen in a p(2 Â 1) reconstruction, as predicted by the full DFT ab initio atomistic thermodynamics. Because the c(6 Â 2) phase is not present we can confirm our earlier assertion that using the experimental O 2 binding energy as part of the O 2 reference state in the ab initio atomistic thermodynamics calculations leads to an overestimation of the stability of adsorbed oxygen phases on the Ag (110) surface. The better performance of the full DFT results is likely due to the fact that the oxygen adsorption energies are also overestimated, though perhaps to a lesser degree than the O 2 binding energy. 105 As a result, the full DFT approach offers some error cancelation and more reliable phase diagrams than using the mixed O 2 reference state. With a suitable reference state determined we can now develop the (P,T) phase diagram of the Ag(110)-O system to facilitate comparison with experiment (see Fig. 8 ). This (P,T) phase diagram can also be used to estimate error bars by comparing to the known bulk dissociation pressure of Ag 2 O, 16 which is the O 2 pressure, at a given temperature, required for the bulk metal and bulk oxide to be in thermodynamic equilibrium. 106 The inspection of Fig. 8 This phase diagram indicates that the equilibrium phases of the Ag(110)-O system will appear at approximately 528.5 eV in the O 1s spectrum, suggesting that the species giving rise to the small features at 529.2 eV and 530.3 eV in Fig. 4 could be contaminants or some other species not associated with an equilibrated Ag(110)-O system. Although these species are only minor components in our experiment, the feature at 529.2 eV is typically assigned to the ''O g '' species that is thought to participate in the partial oxidation of methanol [108] [109] [110] and the position of the feature at 530.3 eV is consistent with the electrophilic oxygen species that participates in alkene epoxidation, both of which can be prepared on Ag(110) foils. 24 While at this point we cannot identify the atomic structure of these species, the data presented herein makes the widely accepted assignment of electrophilic oxygen to chemisorbed atomic oxygen appear dubious. In addition to the low O 1s binding energy of unreconstructed atomic oxygen, the calculated O K-edge spectra of unreconstructed atomic oxygen do not resemble that measured for electrophilic oxygen, which is characterized by a single broad absorption at 541 eV due to O p and Ag sp mixing. 10 Instead, all atomic oxygen species on silver have strong features near the Fermi energy level, which are caused by O p states mixing with Ag sd levels.
Summary of Ag(110) surface
In summary, ab initio atomistic thermodynamics predict that under an oxygen atmosphere the Ag(110) surface is covered in a series of oxygen induced surface reconstructions. These predictions are verified by the measured and calculated XPS and XANES. We find no evidence for the presence of unreconstructed atomic oxygen adsorbed on the surface, nor are the spectroscopic features of such a species in agreement with the electrophilic oxygen thought to participate in alkene epoxidation on silver.
Because the activity and selectivity of the Ag(110) surface as an ethylene epoxidation catalyst are similar to those of the Ag(111) surface, 111 and the Ag(111) surface will likely be the dominant crystallographic surface on powders owing to its lower surface free energy, it is worthwhile to see if these results are specific to the (110) face.
Ag(111) surface
Despite the low dissociative sticking coefficient of oxygen on the Ag(111) surface, a variety of adsorbed oxygen species are known to form, and the close packed facet is catalytically active. 111 The most well studied of these surface oxygen species from an experimental perspective is the p(4 Â 4) surface reconstruction that was first found in 1972 by dosing an Ag (111) As a result, the p(4 Â 4) reconstruction is one of the most well studied in the silver oxygen system, though its structure was not fully resolved until 2006. 25, 26 It is now known that the p(4 Â 4) phase is part of a family of surface reconstructions formed by a structural motif that consists of two six-member silver triangles. One of these triangles sits on the fcc sites of the (111) surface, the other sits on the hcp hollow sites. Two oxygen atoms lie between neighboring triangles as shown in Fig. 9 . 27 The silver atoms in the Ag 6 triangles are shaded white in this figure to distinguish them from the underlying silver surface, which is shaded grey. The unit cell is indicated by the way of a black dashed line. The oxygen atoms (red circles) on the edges of the Ag 6 triangles occupy two symmetry unique positions, one above the Ag 6 plane and its neighbor below the plane. The up arrows label the oxygen atoms that lie above the Ag 6 plane, and the down arrows show the oxygen atoms that lie below the Ag 6 plane.
Thermodynamics
We found that the p(4 Â 4) phase is thermodynamically favorable at low oxygen chemical potential (see the thick solid blue line in Fig. 10A and B) . The thick blue dashed line shows an older model of the p(4 Â 4) reconstruction of slightly higher energy that appears throughout the literature 113 (see Appendix A).
The thin solid lines in the figure show the surface free energy of 1/16 and 1/4 ML coverages of adsorbed oxygen, while the thin dotted lines show the surface free energy of three types of subsurface oxygen that will be discussed in Section 5.3, and the dashed lines represent the surface free energy of thin oxide-like layers, the details of which are discussed in Section 5.4. The grey shaded region indicates the chemical potential at which the oxide, Ag 2 O, becomes thermodynamically stable. The top panel in Fig. 10 was computed using the total energy of an isolated O 2 molecule calculated within DFT as the reference energy. The bottom panel, Fig. 10B To facilitate comparison with experiment we have replotted the full DFT phase diagram as a function of (P,T) in Fig. 11 . Recall from Section 4 the pressure is likely underestimated by 10 3 bar in the phase diagram of the Ag-O system derived using ab initio atomistic thermodynamics when the vibrational and configurational entropy contributions to the surface free energy are ignored. Despite this error, our findings suggest that the p(4 Â 4) reconstruction is the only stable phase in the oxygen poor limit, save for the possibility that chemisorbed oxygen at or below 1/16 ML coverage may be stable to o5 K above the p(4 Â 4) reconstruction. These findings are in agreement with Temperature Programmed Desorption (TPD) experiments indicating that the p(4 Â 4) phase desorbs as one peak, see for instance binding energies for the two symmetry unique oxygen atoms are in excellent agreement with these results, appearing at 528.1 eV and 528.2 eV, for the upper and lower atoms, respectively. Oxygen species in this range have also been observed on silver powders with 0.45 mm particle size under in situ conditions. 24 Considering that the low energy (111) face is likely to be the dominant low index face on powders it is reasonable to postulate that such signals could be due to the p(4 Â 4) phase, although a number of other oxygen species were also found to coexist with this species under in situ conditions on powders.
To elucidate only those species present on the Ag(111) surface under in situ conditions we exposed a clean Ag(111) surface to 4 Â 10 À4 mbar O 2 pressure at 423 K. Fig. 11 reveals that the ab initio atomistic thermodynamics calculations predict that, under these conditions, the p(4 Â 4) reconstruction is marginally stable when the pressure correction of 10 3 bar found in Section 4.4
is taken into account. If the pressure correction is ignored the clean surface is predicted to be stable, though we cannot rule out the possibility of a low concentration (o1/16 ML) of adsorbed oxygen. In order to identify which of these phases is present we can turn to spectroscopic measurements. By measuring the XPS at a fast scan rate we found that during the first minute of O 2 dosing at 423 K an oxygen species with an O 1s binding energy of 527.95 eV appeared in the measured spectrum, see Fig. 13 ) reveals that this state has an oxygen coverage close to the 1/16 ML thermodynamic limit calculated for unreconstructed atomic oxygen, suggesting that the species observed at 527.95 eV is unreconstructed atomic oxygen.
After five minutes of additional O 2 exposure the oxygen coverage increases to approximately 0.15 ML, which can be seen in the plot of the O/Ag ratio as a function of dosing time shown in Fig. 13 (top) . The bottom panel of Fig. 13 shows the position of the center of the O 1s peak at the corresponding times. Comparing the two panels reveals that the increase in oxygen coverage is mirrored by an increase in the O 1s binding energy towards the value calculated for oxygen in the p(4 Â 4) phase (see Fig. 13 Table 1 , dropping to 527.1 eV at higher coverages. It is worth noting that at 1/2 ML coverage adsorbed atomic oxygen becomes ferromagnetic with a total magnetization of 1.1 m B for the (2 Â 2) surface unit cell. However, including spin-polarization has a negligible effect on the O 1s binding energy, increasing it to 527.4 eV. At lower oxygen coverage the adsorbed atomic oxygen does not acquire a magnetic moment. Thus, at the 0.19 ML coverage we observed experimentally, our calculations predict that if this state were composed entirely of unreconstructed atomic oxygen, it would give rise to an O 1s feature 0.3 eV below the measured value of 528.2 eV. However, this small difference in O 1s binding energies lies within the 0.3 eV error we estimated for the DSCF approach, making definitive assignment problematic. This ambiguity can be removed by exploiting the O K-edge spectrum of the oxygen treated Ag(111) crystal.
5.2.2 O K-edge spectra. Fig. 15 shows the in situ O K-edge spectrum of the Ag(111) surface after O 2 dosing, using black dots. The calculated O K-edge spectra of oxygen in the p(4 Â 4) reconstruction (b) and 1/16 ML unreconstructed chemisorbed atomic oxygen (c) are shown by way of solid lines. The measured spectrum has a strong near threshold absorption at approximately 529 eV and a second minor absorption at approximately 531 eV. As previously mentioned, the near threshold absorption is typical of both nucleophilic oxygen and the bulk oxide, Ag 2 O, and is indicative of hybridization of the O 2p states with the Ag 4d states. 10 While the calculated O K-edge spectra of both oxygen in the p(4 Â 4) phase, Fig. 15a , and chemisorbed atomic oxygen on the unreconstructed Ag(111) surface, Fig. 15c , also display this feature, the measured spectrum lacks the strong absorption at 533 eV seen in Fig. 15c Focusing first on structures that were enumerated in the development of the phase diagram shown in Fig. 10 , we see that we must consider species that may be present at locally higher concentrations of oxygen. At lower oxygen chemical potentials, only low coverages of chemisorbed atomic oxygen are predicted to be stable. At higher oxygen chemical potentials the thin oxide-like surfaces are the most stable surface structures. To form such an oxide-like layer, subsurface oxygen must be present. While Fig. 10 shows that subsurface oxygen is thermodynamically unfavorable under the experimental conditions, it may still appear as a transient species during the formation of a thin oxide-like layer. As previously noted, subsurface oxygen is widely believed to give rise to the feature at 530 eV in the O 1s spectrum. 24 While we have already shown that this statement is not true for oxygen beneath the Ag(110) surface, oxygen below an Ag(111) surface may give rise to higher O 1s binding energies due to the different types of holes present, as discussed in the next section.
Subsurface atomic oxygen
Three types of subsurface oxygen can appear beneath the pristine Ag(111) surface because of the three symmetry unique holes. Oxygen can dissolve in the octahedral hole as shown in Fig. 16A , or in one of the two types of tetrahedral holes, denoted types I and II. The type I hole is shown in Fig. 16B and is simply the hole beneath the hcp hollow site. The type II tetrahedral hole can be seen to be under the surface atom, Fig. 16C .
As may be expected based on the radius ratio of silver to oxygen, dissolving oxygen in the octahedral hole is energetically favored over the type I or type II holes at all oxygen coverages between 1/16 and 1 ML. The type I tetrahedral hole is energetically favored over the type II hole at all coverages below 1 ML. 19 Fig . 10 shows that subsurface oxygen is thermodynamically unfavorable over almost the entire range of allowed oxygen chemical potential, as seen from the three dotted lines of highest energy in the plot. The surface free energy of a surface with 1/4 ML subsurface oxygen can be seen to be positive relative to gas phase O 2 and the clean silver surface, for Dm O below the heat of formation of the bulk oxide, while 1/16 ML subsurface octahedral oxygen has a negative surface free energy relative to gas phase O 2 and the clean silver surface down to Dm O E À0.5 eV.
The calculated O 1s binding energy of dissolved oxygen ranges from 528.2 eV in the type II hole to 528.7 eV in the octahedral hole. This finding shows that subsurface oxygen does not give rise to the O 1s signal at 530.4 eV commonly attributed to dissolved oxygen. However, considering the 0.3 eV error margin we estimate for the DSCF approach, oxygen in the octahedral or type I hole could be attributed to the small O 1s feature at 529.1 eV in Fig. 14 The calculated O K-edge spectra of the subsurface species support the conclusion drawn from ab initio atomistic thermodynamics and the O 1s binding energies that a high concentration of subsurface oxygen was not present under our experimental conditions (see Fig. 17 ). Oxygen in both the octahedral (curve b) and type I tetrahedral holes (curve c) produces a strong absorption doublet at 531 eV in the O K-edge spectrum, whereas the experimental spectrum displays a minimum (curve a). Like the experimental spectrum, however, only small features appear above the absorption threshold in the calculated O K-edge spectra of dissolved oxygen. Oxygen in the type II tetrahedral hole (curve d) is also inconsistent with the measured spectrum. The spectrum of the dissolved species has a doublet centered at 529 eV and an additional moderate feature at 534 eV, similar to the calculated spectrum of bulk dissolved oxygen (curve e), which has a strong feature at 534 eV. Together these findings demonstrate that only a small concentration of subsurface dissolved oxygen may be present when an Ag(111) single crystal is exposed to 4 Â 10 À4 mbar O 2 pressure at 423 K for 48 minutes, if any.
Oxide like layers and bulk oxide
The atomic structure and energetics of the thin oxide-like layers that may become metastable when the oxygen chemical potential approaches the bulk oxide heat of formation have been discussed in detail in ref. 16 and 106 . To briefly recapitulate, these thin oxide-like layers form when both chemisorbed and dissolved oxygen are present. The adsorbed oxygen sits on the fcc surface hollow sites, and the dissolved oxygen is present in the adjacent type I and type II tetrahedral holes. (Note that a similar structure can also be formed when atomic oxygen adsorbs in the hcp hollow site and simultaneously dissolves in the subsurface octahedral holes. 16 However, its spectroscopic properties are not appreciably different from the structures described herein.) This results in the formation of O-Ag-O trilayers which are commensurate with bulk Ag 2 O that has been compressed by 14% laterally and expanded by 21% vertically. The thinnest of these is shown in the top panel of Fig. 18 . Here 1/4 ML atomic oxygen chemisorbs on the fcc hollow site and 1/4 ML oxygen dissolves in a type I tetrahedral hole to form the linear O-Ag-O chain involved in the trilayer, yielding a structure with an effective oxygen coverage of 1/2 ML. While our ab initio atomistic thermodynamic calculations predict that this structure will not be thermodynamically competitive with the p(4 Â 4) phase, thicker oxide-like layers may become metastable at higher oxygen chemical potentials, as discussed in Section 5 and shown in Fig. 10 . These potentially metastable structures are formed by dissolving more oxygen in the type I and type II tetrahedral holes. For instance, introducing an additional 1/4 ML oxygen in the type II tetrahedral holes forms a three layered structure with an effective coverage of 3/4 ML. Fig. 10A shows that, when using the DFT reference state for O 2 , this structure is predicted to have a lower surface free energy than the p(4 Â 4) reconstruction when Dm O 4 À0.2 eV. Increasingly the thickness of the trilayer structures formed by alternatively filling the type I and type II tetrahedral holes, like the four layered structure shown in the bottom panel of Fig. 18 , may make the structures metastable at high oxygen chemical potentials. These structures have been shown to reach a maximum thickness of approximately 9 trilayers, after which Ag 2 O will be formed. 16 As these oxide-like layers are predicted to become thermodynamically competitive with the p(4 Â 4) reconstruction only at oxygen chemical potentials capable of stabilizing the bulk oxide, we compare the calculated spectroscopic features of these oxide-like layers to those we measured for the bulk oxide, Ag 2 O, in Fig. 19 .
At 1/2 ML coverage the surface oxygen atoms have a calculated O 1s binding energy of 528.6 eV and that of the oxygen in the type I hole is 529.1 eV as compared to the 529.2 eV (111) surface. The calculated spectrum of dissolved oxygen is shown in (e), where dissolved oxygen was calculated by placing oxygen in the octahedral hole under the third silver layer in a seven silver layered slab. measured for the bulk oxide, see the entry ''Oxide-like Layers (111)'' in Table 1 for a summary. Further increasing the concentration of subsurface oxygen to yield the structure with an effective oxygen coverage of 3/4 ML increases the calculated O 1s binding energy of the on-surface oxygen to 528.9 eV and that of the first layer of subsurface oxygen to 529.2 eV. The oxygen in the type II tetrahedral hole has a calculated O 1s binding energy of 528.2 eV, as can be seen in Table 1 . A further increase in the concentration of subsurface oxygen to 1 ML results in the subsurface species appearing at 529.1 eV in the calculated O 1s spectrum and the chemisorbed oxygen remaining at 528.9 eV, nearly equivalent to the 529.2 eV measured for the bulk oxide. However, we found that oxygen on the oxygen terminated Ag 2 O(001) surface has an exceptionally low O 1s binding energy, 526.8 eV, and only those oxygen atoms in the subsurface of the bulk oxide appear at 529.1 eV, in agreement with ref. 118 , see the entry ''Oxygen on Ag 2 O(001) surface'' in Table 1 .
Despite the similarity between the O 1s binding energies of oxygen in the bulk of Ag 2 O and the oxide-like layers on the Ag(111) surface, the bonding in the oxide-like layers is distinct from that in the bulk oxide, which gives rise to differences between the calculated O K-edge spectra of these systems. Curve (a) in Fig. 19 shows the O K-edge spectrum of Ag 2 O measured in total electron yield (TEY). The calculated O K-edge spectra of the 2-layer (curve b), 3-layer (curve c), and 4-layer (curve d) oxide-like structures are also shown, along with that calculated for bulk Ag 2 O (curve e). A strong absorption doublet can be seen at approximately 531 eV in the measured spectrum along with two minor absorptions, one at approximately 534 eV and one at 537 eV. The calculated spectrum of bulk Ag 2 O (curve e) can be seen to reproduce all of these features. While the oxide-like layers all have a strong near threshold absorption from O p and Ag d mixing, the spectra are distinct from that of Ag 2 O. The spectrum of the two-layer oxide-like structure can be seen to have a broad absorption centered at 531 eV. The discrepancy with the Ag 2 O spectrum highlights the fact that the bonding in the two layer structure does not resemble the bulk oxide, as the subsurface oxygen is bound to inequivalent silver atoms. 106 When a third layer of oxygen is introduced, the bonding remains distinct from Ag 2 O, though a strong doublet appears in the calculated spectrum. However, the intensity ratio and peak positions in the spectrum of the 3 layer-oxide like structure are shifted from that found for Ag 2 O. Including a fourth layer of oxygen in the oxide-like-layers leads to further changes in the calculated O K-edge spectrum, with a change in the relative intensities of the absorption in the leading edge doublet and the appearance of a feature at 534 eV, demonstrating that the oxygen bonding is slowly converging to that seen in Ag 2 O. Thus, bonding in the oxide-like layers is discernible from bonding in bulk Ag 2 O. At this point, it is useful to summarize the results we have found for the Ag 2 O(001) surface and the thin oxide-like layers on the Ag (111) surface. While the oxygen chemical potential in our experiments on the Ag(111) surface was not high enough to stabilize the oxide-like layers, experiments performed at higher oxygen chemical potential may do so. 24 The presence of the thin oxide-like layers with coverages of 1/2-1 ML will lead to the appearance of features at approximately 529 eV in the O 1s spectrum. Features in this range have been reported from in situ studies performed under 0.25 mbar O 2 pressure and temperatures of 450-500 K, 11,24,108-110 though they are typically associated with the ''O g '' species formed after exposing silver to 1 bar O 2 pressure for many hours at temperatures above 780 K. [108] [109] [110] While the calculated phase diagram in Fig. 11 casts doubt on such an assignment, our O K-edge calculations suggest that the presence of a thin oxide-like layer may be discernible from the O K-edge spectrum. Regardless, both the simulated XPS and XANES demonstrate that such an oxygen species is not the electrophilic oxygen that has been shown to correlate with ethylene oxide production.
10,11,20-22
Defects
As none of the O 1s binding energies calculated for dissolved and adsorbed oxygen on or in a pristine Ag(111) crystal can be attributed to electrophilic oxygen, we also investigated the role of defects. It has been previously suggested that such sites play an important role in the catalytic properties of silver 18, 113, 119, 120 and may also act as traps for dissolved oxygen. 121 We begin by considering vacancies. It has been known for long that there is a strong interaction between oxygen atoms and silver vacancies, which makes surface vacancy formation facile 122 and could give rise to a thermally stable substitutional oxygen species. 121, 123, 124 In particular, STM data were used to argue that surface substitutional oxygen is present in a ffiffi ffi
array on the Ag(111) surface after high temperature/high O 2 pressure treatment. 119 We will denote this structure simply
. This species was later argued to give rise to a feature at 529.0-529.3 eV in the O 1s spectrum, which dominates the spectrum after silver is being treated with 1 bar O 2 pressure at temperatures greater than 770 K for many hours. 108, 110, 117 In agreement with the hypothesis that a ffiffi ffi 3 p Â ffiffi ffi 3 p À Á substitutional oxygen phase forms at high temperature, ref. 18 found that the adsorption energy of substitutional atomic oxygen reaches a maximum on a ffiffi ffi 3 p Â ffiffi ffi 3 p À Á array. However, the adsorption energy is nearly identical to that of chemisorbed oxygen on the pristine surface at the same 1/3 ML coverage. Our calculations are in agreement with those of ref. 18 Fig. 20 ).
The calculated O 1s binding energy of the ffiffi ffi
Á array of substitutional oxygen shows that this species was not that observed in ref. 108 , 110, 117 and 119. We calculated an O 1s binding energy of 527.9 eV, which is close to that found for a low coverage of chemisorbed atomic oxygen on the pristine surface, but significantly lower than that of 1/3 ML atomic oxygen on the pristine Ag(111) surface. This difference is, in part, due to the fact that when oxygen sits on a surface vacancy its charge is screened by the neighboring silver atoms. Therefore, the high concentration of oxygen does not significantly alter the O 1s binding energy, unlike on the pristine surface where the charge on neighboring oxygens is not screened, which tends to reduce the calculated O 1s binding energy at high coverages, Table 1 .
While the O 1s binding energy of the surface substitutional is like that of a low coverage of unreconstructed atomic oxygen adsorbed on the Ag(111) surface, the O K-edge spectrum of oxygen in a ffiffi ffi 3 p Â ffiffi ffi 3 p À Á vacancy array is not (see curve (b) in Fig. 21) . Instead, the O K-edge spectrum of the surface substitutional is characterized by a strong doublet centered at 529 eV in the O K-edge spectrum and a second minor absorption at 535 eV, whereas unreconstructed chemisorbed oxygen has strong features at 529 eV and 533 eV. Comparing the calculated O K-edge spectrum of the surface substitutional to that measured for oxygen on the Ag(111) surface, curves (a) and (b) in Fig. 21 , suggest that a high concentration of the surface substitutional species was not present during our experiments.
Steps are another important class of surface defect that may adsorb oxygen. We considered how a (110) step on the Ag(111) surface would alter the O 1s binding energy. This step was chosen due the fact that these defects have been identified in the Ag-O system through the use of aberration corrected Transmission Electron Microscopy (TEM). 120 Furthermore, DFT calculations have shown that oxygen binds strongly in the edge of a (110) step, 120 as shown in Fig. 22 . The O 1s binding energy of this species is, however, only 527.8 eV, in the same range as all other types of adsorbed unreconstructed atomic oxygen, forcing us to conclude that chemisorbed atomic oxygen will not appear at or above 530 eV in the O 1s spectrum, even in the presence of defects. We can also examine bulk, as opposed to surface, defects. To begin, consider substitutional oxygen. Such species have been postulated to serve as oxygen diffusion channels during high temperature oxygen treatment of large-grain high-purity silver 121 and silver powders. 109 This species, like the surface substitutional, is often aruged to appear at approximately 529 eV in the O 1s spectrum. We modeled the bulk substitutional as a 31 silver atom supercell with a single substitutional oxygen and found that, like on the surface, it is energetically favorable for the substitutional oxygen to displace off the silver lattice site. And again, like the surface substitutional, we found an O 1s binding energy of 527.9 eV. The calculated O K-edge spectrum of the bulk substitutional species is shown in curve (c) of Fig. 21 . Comparing it to our measured O K-edge spectrum reveals that the bulk substitutional was likely not the dominant species during our experiment. While the calculated spectrum has primary absorption consistent with the measured spectrum, its shape is not in excellent agreement. Based on spectroscopy alone, however, we are unable to dismiss the possibility that a fraction of the measured O 1s and O K-edge spectra could be due to dissolved substitutional oxygen near the silver surface.
In polycrystalline samples, another important type of defect will be present. Grain boundaries are thought to be the dominant path for oxygen diffusion in the silver lattice. 121 Though our experiments in this work were performed on single crystals, industrial catalysts are typically made using high surface area powders. As such, it is worthwhile to consider the effect of grain boundaries on the spectroscopic properties of dissolved oxygen in silver. We calculated the O 1s binding energies of two concentrations of oxygen in a S3 and S5 grain boundary in silver. The S3 grain boundary was modeled using a 96 silver atom supercell built with 6, 16 atom, Ag(111) layers. This grain boundary is shown with a single dissolved oxygen in Fig. 23A . The twin boundary can be seen to run down the center of the cell. In this case, 1/16 of the octahedral holes at the grain boundary contain an oxygen atom, yielding an effective coverage of 1/16 ML on the grain boundary, which we will refer to simply as a 1/16 ML coverage. A second coverage of 1/8 ML was also investigated. The more open S5 grain boundary was modeled with the 80 atom supercell shown in Fig. 23B . Again, the boundary can be seen to run down the center of the cell. Including a single oxygen atom in this S5 grain boundary results in an effective coverage of 1/8 ML. A second coverage of 1/4 ML was also investigated.
At 1/16 ML coverage oxygen in the S3 grain boundary has an O 1s binding energy of 528.3 eV. When a second symmetry unique oxygen is introduced, increasing the coverage to 1/4 ML, the two atoms have marginally different O 1s binding energies, 528.3 eV and 528.5 eV, neither of which approaches the 530 eV commonly accepted for oxygen dissolved in silver.
It should also be noted that the adsorption energy of the 1/16 ML coverage of oxygen in the S3 grain boundary is much lower than that of 1/16 ML subsurface oxygen, even when the formation cost of the grain boundary is ignored. Dissolving 1/16 ML oxygen in the S3 grain boundary is endothermic by 0.30 eV relative to 1/2 gas phase O 2 , whereas dissolving 1/16 ML oxygen in the octahedral holes under the pristine Ag(111) surface is 0.02 eV exothermic. As such, the system would prefer to dissolve oxygen under the pristine surface as opposed to at a S3 grain boundary. This observation can be rationalized by considering that when oxygen dissolves in the octahedral hole of silver it causes a local expansion of the neighboring silver atoms. 19 Near the surface, these neighboring atoms are free to expand, whereas, in the bulk, the silver atoms are constrained by the surrounding lattice. Because the volume of the octahedral holes at the twin boundary is not substantially larger than those in the bulk or subsurface it is energetically favorable to dissolve oxygen in the subsurface. By this logic, we would then expect the more open S5 grain boundary to have a higher oxygen adsorption energy. In point of fact, the adsorption energy for 1/8 ML oxygen at the S5 grain boundary is substantially larger than that for 1/16 ML subsurface O. Dissolving an oxygen atom in this more open grain boundary is exothermic by 0.31 eV relative to 1/2 gas phase O 2 , as compared to the 0.02 eV found for 1/16 ML in the octahedral holes under the pristine Ag(111) surface. Furthermore, increasing the oxygen concentration in the S5 grain boundary to 1/4 ML only reduces the adsorption energy by 0.02 eV per oxygen atom. This finding suggests that oxygen will preferentially dissolve in high S silver grain boundaries, when present, as opposed to the subsurface, and could help explain the high concentrations of dissolved oxygen found in thermal desorption experiments. 125 However, the formation energy of the higher S grain boundaries is large.
The grain boundary formation energy, E GB f , is defined as:
where E total is the total energy of the simulation cell containing N Ag silver atoms and a grain boundary. E Ag is the total energy of a bulk silver atom. Thus, the grain boundary formation energy is simply the energy required to form the defect in a perfect crystal of N Ag silver atoms. Using this definition we find that the S3 grain boundary in silver has a 0.01 eV Å À2 formation energy, in agreement with the 0.01 eV Å À2 measured for diffusion bonded S3 silver bicrystals. 126 The calculated formation energy of the S5 grain boundary we investigated is, however, substantially larger, 0.28 eV Å
À2
. Though the S5 grain boundary can accommodate more dissolved oxygen than the pristine bulk or subsurface, the O 1s binding energies of oxygen dissolved at the grain boundary are still only 528.1 eV, regardless of coverage. Thus, we are forced to conclude that the electrophilic oxygen species is not dissolved atomic oxygen.
Conclusions
In an effort to identify the nature of the oxygen species that may be present on silver surfaces under ethylene epoxidation conditions, we performed a large series of ab initio atomistic thermodynamic calculations to identify thermodynamically favorable structures. These calculations showed that, of the structures considered, the well known p(2 Â 1) reconstruction of the Ag(110) surface and the p(4 Â 4) reconstruction of the Ag(111) surface are thermodynamically favorable at the oxygen chemical potentials relevant for ethylene epoxidation. Chemisorbed atomic oxygen was only found to be thermodynamically favorable under UHV conditions, while oxide-like surfaces may become metastable at oxygen chemical potentials capable of stabilizing the bulk oxide, Ag 2 O.
We verified these predictions by comparing in situ XPS/ XANES measurements to the theoretically derived spectra of a variety of oxygen species on the Ag(110) and Ag (111) surfaces. This combination of XPS/XANES allowed us to distinguish between oxygen species with the same O 1s binding energy, revealing that, under our experimental conditions, the oxygen on the silver surfaces was present almost entirely in surface reconstructions. The spectroscopic properties of these surface reconstructions are consistent with the nucleophilic oxygen species that participates in the total combustion of ethylene.
Though a high concentration of the electrophilic oxygen species thought to participate in ethylene epoxidation on silver was not present under our experimental conditions, we compared the spectroscopic properties we calculated for all the oxygen species that have been attributed to electrophilic oxygen to previously measured spectra. We found that both the O 1s binding energies and O K-edge spectra of all forms of atomic oxygen are inconsistent with the previously measured spectra of electrophilic oxygen. These findings have important implications on the continuing efforts to discover what role various oxygen species may play in ethylene epoxidation.
This structure, and related structures, has been thoroughly described in ref. 32 .
The reconstruction first proposed by Rovida et al. can be thought of as an Ag 2 O overlayer on the Ag(111) surface, while Carlisle et al. suggested that a silver atom must be removed from the overlayer, resulting in the structure shown in Fig. 24 . This p(4 Â 4) RC reconstruction has previously been shown to have a higher surface energy than many competing p(4 Â 4) structures. 32 When the O 2 reference state calculated by way of DFT, the top panel of Fig. 10 , is employed, the surface free energy of the p(4 Â 4) RC calculated herein is in excellent agreement with Li et al.'s findings. The p(4 Â 4) RC reconstruction has a negative surface free energy down to Dm O E À0.6 eV. It also remains the most stable phase until the bulk oxide, Ag 2 O, becomes thermodynamically stable. In contrast, we find that 1/4 ML (1/16 ML) chemisorbed atomic oxygen is unstable when Dm O is less than À0.5 eV (À0.6 eV), compared to À0.6 eV (À0.7 eV) in ref. 16 and 17 . As a result, the p(4 Â 4) RC reconstruction is still (slightly) favored over 1/4 ML chemisorbed oxygen at low chemical potentials, in negligible disagreement with the results in ref. 16 and 17. Fig. 24 The atomic structure of the p(4 Â 4) reconstruction suggested by Carlisle et al. 113 The surface silver atoms are shaded white. Oxygen atoms are shown as red and the subsurface silver as grey. The dotted line shows the surface unit cell.
Thus, while the p(4 Â 4) RC reconstruction is less stable than the p(4 Â 4) reconstruction used in this work over the entire range of oxygen chemical potential, using the p(4 Â 4) RC does not qualitatively alter the phase diagram presented herein.
B Bulk Ag 2 O oxide
In order to compare the core level binding energies obtained by way of the DSCF approach to experiment, we are required to have a reference state with a known core level binding energy. We chose bulk silver oxide, Ag 2 O, for this purpose as there is little doubt about its atomic and electronic structure. [127] [128] [129] Ag 2 O has the cuprite crystal structure with a unit cell consisting of a fcc silver lattice with an interpenetrating bcc oxygen lattice. 127 The silver atoms are linearly coordinated with oxygen atoms and the oxygen atoms tetrahedrally coordinated with silver atoms (see Fig. 25 ). Experimentally, the lattice constant is found to be 4. We computed the DSCF energy of the O 1s electron using
, and (4 Â 4 Â 4) supercells to ensure that the DSCF of the Ag 2 O reference states is converged with respect to the cell size. In all cases a k point mesh equivalent to 12 Â 12 Â 12 for the unit cell was employed. The binding energy is well converged at the (3 Â 3 Â 3) cell with an O 1s binding energy within 0.01 eV, which was found for the (4 Â 4 Â 4) cell.
We used these same systems to test the size convergence of our calculated O K-edge spectra. Fig. 26 shows the results of the calculated spectra (solid lines) compared to that measured in total electron, TEY, (A) and fluorescence yield, TFY, (b) modes, which have not been corrected for self interaction. The top solid line corresponds to the (3 Â 3 Â 3) cell. Comparison of this spectrum with experimental spectra reveals that the calculations converge quickly with respect to the cell size. The (2 Â 2 Â 2) unit cell faithfully recovers the doublet at 530 eV, as well as features at approximately 534 eV, 536 eV, and 540 eV, although the absorption energy of these higher energy features is underestimated by 1 eV in the theoretical spectrum. The agreement with experiment is better when the cell size is increased to (3 Â 3 Â 3). Further increasing the size of the cell to (4 Â 4 Â 4) offers no additional improvement. Using these results we expect that to obtain reliable O K-edge spectra we must use supercells wherein the absorbing atom is separated from its periodic image by approximately 10 Å.
The O K-edge spectrum in Fig. 26 can be seen to be a sensitive measure of the local environment around oxygen. After inspection of the figure it is immediately obvious that the Ag-O bonding in Ag 2 O is not purely ionic: if it were, the 1s -2p transitions probed by the O K-edge spectrum would be devoid of absorptions. Instead, we can see that the system forms more directional bonds by hybridizing the triply degenerated O 2p states with the Ag 5s and 4d states, giving rise to the strong absorption above the threshold. 102 This type of p depletion through hybridization between oxygen p and silver sd states has also been observed for Cu 2 O, 133 which has a similar O K-edge spectrum to what we measured for Ag 2 O.
C In-plane polarization of incident X-rays
When the full absorption cross section tensor, Eqn 6 employed the angle between the E vector of the incident radiation and both surface normal, y, and the x-axis in the place of the surface, f, must be specified. While our experimental setup did not allow us to measure the in-plane angle, we found that averaging over f has a minor effect on the qualitative features of the computed spectra when y = 351, which is approximately the angle between the E vector and the surface normal used in the experiment. Take for example the p(2 Â 1) reconstruction of the Ag(110) surface shown in Fig. 1 . In this case when f = 01 the in-plane component of the E vector of the incident radiation lies along Inspection of Fig. 27 reveals that, at y = 351, the qualitative features remain largely unchanged with the choice of f. In all cases there is a near threshold absorption and a second absorption maximum at approximately 534 eV. While y = 901 gives perhaps the best quantitative comparison with the experimental result, owing to the relative height of the primary absorptions. Conversely, f = 01 gives the worst quantitative agreement with experiment due to the low intensity of the near threshold absorption. However we cannot use this comparison to assign the crystal orientation, see Appendix D for a discussion of the relative magnitude of the near threshold absorption. Thus, we have averaged over the in-plane angle when computing the O K-edge spectra.
D Core hole effect
While a core hole is present during XANES experiments its effect may not be observable and in some cases a better agreement with experiment is found by ignoring the core hole. 76, 77 Its effect on the calculated edge depends on the nature of the low-lying empty levels of the ground state and the degree to which the compensator charge is localized on the absorbing atom. Core hole effect will be the largest when the compensatory charge is delocalized and the low lying states are on the absorbing atom and of the same symmetry of the final states allowed by the dipole selection rule. 77 Because all the systems we investigated have O p character in the low lying unoccupied states inclusion of the core hole may have an effect on the O K-edge spectra. However, due to the fact that the core hole is not necessarily treated correctly within a single particle approximation it is impossible to know a priori if including or ignoring it will lead to better agreement with experiment. 76, 77 To test the role of the core hole potential on the O K-edge spectra we repeated the XANES calculations with a standard pseudopotential on the absorbing atom. We find that in every system inclusion of the core hole modifies the O K-edge spectrum relative to the spectrum without a core hole. There are two general types of changes that appear to be tied to the nature of the unoccupied levels of the ground state.
In the first case the low lying unoccupied O p states sit well above the Fermi energy in the ground state, and when the core hole is present, the compensatory charge is delocalized, as typified by Ag 2 O. Fig. 28A shows the total density of states on the Ag atom (solid line) and the O p states (dashed line) in the absence of a core hole. The Fermi energy is set to zero and shown by a vertical line. Few states can be seen at the Fermi energy. The excited electron will fill states appearing at 2-4 eV above the Fermi energy, which are composed of Ag and O p character. As a result, when the simulation is performed in the presence of an O 1s core hole and the excited electron is included in the simulation, a Bader charge decomposition reveals that 0.7 electrons of the compensatory charge are localized on the absorbing atom. 29A shows the O K-edge spectrum of the bulk oxide computed with (solid line) and without (dashed line) an O 1s core hole, along with the experimental spectra (collected in TEY and TFY modes), which are shown by way of dots. For ease of comparison the two computed spectra are normalized using the peak at approximately 533 eV. In the absence of the core hole the primary absorption is centered at 532.5 eV, whereas with the core hole it is centered at around 531.4 eV, as observed experimentally. In this type of system the core hole is required to recover the experimentally observed leading edge absorption. However, the reduced screening of the nuclear potential pulls the higher energy features too close to the Fermi energy. As a result, the small higher energy absorptions appear at 533.8, 535.8, and 539.8 eV in the spectrum calculated with a core hole, compared to 534.4, 536.9, and 541.1 eV in the measured spectrum. Thus, the principal function of the core hole in this type of system is to shift peak positions, and it must be included to recover the measured spectrum.
The second type of behavior is observed in systems with a high density of O p states at the Fermi energy. By way of example consider the p(2 Â 1) reconstruction of the Ag (110) surface. Fig. 28B shows the silver states (solid line) and the oxygen p states for this system. A high density of oxygen states can be seen to cross the Fermi energy and quickly diminish relative to the density of the silver states. When the O 1s core hole is introduced the compensatory charge fills these states and a Bader 134 charge analysis reveals that 0.8 electrons of that charge are localized on the absorbing atom. The effect the core hole has on the calculated O K-edge in this type of system is different from what was observed for Ag 2 O. Fig. 29B shows the O K-edge spectra of the p(2 Â 1) reconstruction of the Ag(110) surface calculated with (solid line) and without (dashed line) a core hole. (The dotted line is discussed below). The experimental spectrum is shown by way of dots, and the spectra are normalized using the peak at approximately 534 eV. Comparing Fig. 29A and B reveals that the peak positions shift much less with respect to the treatment of the core hole in the p(2 Â 1) reconstruction of the Ag (110) surface as compared to Ag 2 O. Unlike the Ag 2 O spectra, the position of the leading edge absorption of oxygen in the p(2 Â 1) reconstruction is insensitive to the presence of the core hole, though the increased nuclear potential of the partially screened core hole can still be seen to pull the higher energy peaks closer to the Fermi energy relative to the results without a core hole. However, the largest effect the core hole has on the calculated O K-edge spectrum of p(2 Â 1) reconstruction is a reduction in the magnitude of the leading edge absorption.
Comparing the spectrum obtained with the full core hole to the experimental spectrum in Fig. 29B reveals that the feature at 534 eV is too intense relative to the leading edge in the calculated spectrum. Excluding the core hole reverses the discrepancy; the calculated leading edge becomes too intense. However, the magnitude of the feature at 529 eV in the calculated spectrum is not entirely due to the treatment of the core hole. It also depends on how the occupied states are smoothly cut from the spectrum, which is problematic in metallic systems. 76 Removing states of slightly higher energy reduces the intensity of the leading edge peak, the dotted line in Fig. 29B . This problem is more pronounced in the ground state calculation as the core hole reduces the number of O p states at the Fermi energy level. To avoid the ambiguity associated with cutting the occupied states, and using a consistent approach in the metallic and insulting systems, we focus on results obtained using the full core hole. In most of the metallic systems the decision to include the core hole makes little impact, as it only changes the magnitude of the leading edge. However, this discrepancy with experiment is pronounced for oxygen in the p(4 Â 4) reconstruction of the Ag(111) surface due to the shape of the spectrum. Fig. 30 shows the calculated O K-edge spectra of the p(4 Â 4) reconstruction of the Ag(111) surface computed with (solid line) and without (dashed line) inclusion of the core hole. The experimental result is also shown (dots). Both the computed spectra recover the experimental absorptions, though the core hole reduces the intensity of the leading edge. While this reduction in the intensity is similar to what was observed for oxygen in the p(2 Â 1) reconstruction of the Ag(110) surface, its impact on the qualitative shape of the spectrum is more dramatic due to the fact that the two principal absorptions appear within 3 eV of one another for oxygen in the p(4 Â 4) reconstruction, as opposed to the 6 eV separation between absorption in the p(2 Â 1) reconstruction. As such, we report the O K-edge spectrum in the absence of a core hole for oxygen in the p(4 Â 4) reconstruction of the Ag (111) surface.
